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Abstract
Transverse momentum spectra of charged particles produced in deep inelastic scat-
tering are measured as a function of the kinematic variables x and Q2 using the
H1 detector at the ep collider HERA. The data are compared to different parton
emission models, either with or without ordering of the emissions in transverse mo-
mentum. The data provide evidence for a relatively large amount of parton radiation
between the current and the remnant systems.
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1 Introduction
The electron-proton collider HERA allows to explore a new kinematic region in deep
inelastic scattering (DIS) down to the very small Bjorken-x of about 10−5, where new
dynamic features of QCD may show up. So far, the description of the nucleon structure
function measurement by perturbative QCD, cast into the DGLAP (Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi) parton evolution equations [1], has been extremely successful,
and constitutes one of the major successes of QCD. At small enough x, however, these
equations are expected to cease to be a good approximation. For the small x regime the
BFKL (Balitsky-Fadin-Kuraev-Lipatov) equation [2] has been suggested, and it would be
very interesting to test QCD in such a new regime. To lowest order the BFKL and DGLAP
equations resum the leading logarithmic (αs ln(1/x))
n and (αs ln(Q
2/Q20))
n contributions
respectively, where Q2 is the invariant mass squared of the virtual photon and Q0 is the
cut-off for the perturbative evolution. In these approximations the leading diagrams are
of the ladder type (Fig. 1). The leading log DGLAP resummation corresponds to a strong
ordering of the transverse momenta kT (w.r.t. the proton beam) in the parton cascade
(Q20 ≪ k2T1 ≪ ...k2T i ≪ ...Q2). In the BFKL regime, the transverse momenta follow a kind
of random walk (k2T i ≈ k2T i+1) [3].
Q2
x
e
e '
g
*
q
q–
x1, kT1
xi, kT i
xi+1, kT i+1
p
Figure 1: Generic diagram for parton evolution.
The strong rise towards small x of the structure function F2 measured at HERA [4, 5]
can be described with DGLAP evolution [6, 7] and is also consistent with the BFKL
expectation. Less inclusive measurements, namely of the hadronic final state emerging
from the cascade, may offer more sensitive means of searching for BFKL evolution. One
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possible signature is the quantity of transverse energy, ET , produced in a region between
the current (struck) quark and the proton remnant [8]. As a consequence of the strong
kT ordering, DGLAP evolution is expected to produce less ET than BFKL evolution [9].
The HERA ET flow data [10] can be interpreted consistently within the BFKL framework,
but from these data alone it is not possible to disentangle non-perturbative hadronization
effects from perturbative parton radiation, precluding an unambiguous test of the underly-
ing parton dynamics [11, 12]. In fact, the data can also be described with a DGLAP based
parton shower model with the assumption that the hadronization effects are large [12].
In this paper complementary measurements of charged particle transverse momentum
(pT ) spectra are presented. Such spectra have been proposed [13] as a more direct probe
of the underlying parton dynamics than the ET flow measurements. It has been shown
with the aid of QCD models that the high-pT tail is sensitive to parton radiation, whereas
the production of hard particles from hadronization is suppressed. For the kT unordered
scenario a harder pT spectrum is expected in the central region than for the kT ordered
evolution, because parton emissions are less restricted in kT . The unsuppressed gluon
radiation should give rise to a hard tail of the pT distribution for the hadrons emerging
from the cascade. The tail would be absent if the ET seen in the data stems predominantly
from hadronization. A particular good discrimination can be obtained with events in
which ET is large. Radiation of a hard gluon may lead to large ET and a high pT particle,
but if hadronization were responsible for the large ET , many soft particles are expected
instead. Furthermore, a different x-behaviour of the pT spectra is predicted. The phase
space increases with W 2 ≈ Q2/x (W is the invariant mass of the hadronic final state)
and therefore one may expect more gluon radiation, more ET and harder pT spectra
with decreasing x, but not if kT ordering or another mechanism is invoked to suppress
gluon radiation. The measurements presented here are compared to predictions from
Monte Carlo models with different mechanisms for gluon radiation. They incorporate
QCD evolution in different approximations and utilize phenomenological models for the
non-perturbative hadronization phase.
The MEPS model (Matrix Element plus Parton Shower) incorporated within the
LEPTO generator [14], uses the first order QCD matrix elements, with additional soft
emissions generated by adding leading log DGLAP parton showers. Though this ap-
proach is widely used with considerable success, it has to be pointed out that the DGLAP
formalism was derived for the totally inclusive structure function evolution, and it can
be questioned whether it is fully applicable for exclusive final states [12]. In the colour
dipole model (CDM) [15], as implemented in ARIADNE [16], radiation stems from colour
dipoles formed by the colour charges. Both programs use the Lund string model [17] for
hadronizing the partonic final state. The HERWIG model [18] is also based on leading
log parton showers, with additional matrix element corrections [19]. This model imple-
ments an alternative (cluster) fragmentation scheme [20]. The CDM description of gluon
emission is similar to that of BFKL evolution to the extent that the gluons emitted by
the dipoles do not obey strong ordering in kT [21]. In the MEPS and HERWIG models
the partons emitted in the cascade are strongly ordered in kT , because they are based on
leading log DGLAP parton showers. The models are used in their versions LEPTO 6.4
for MEPS, ARIADNE 4.08 for CDM and HERWIG 5.8, together with the parton density
parameterization GRV [7]. They provide a satisfactory overall description of current DIS
6
final state data [22], in particular of the ET flows
1. For this analysis the use of the
alternative parameterization MRS-H [24] would give model predictions which differ only
slightly from those shown.
2 Detector Description
A detailed description of the H1 apparatus can be found elsewhere [25]. The following
briefly describes the detector components relevant to this analysis.
The hadronic energy flow and the scattered positron are measured with a liquid
argon (LAr) calorimeter and a backward electromagnetic lead-scintillator calorimeter
(BEMC) respectively. The LAr calorimeter [26] extends over the polar angular range
4◦ < θ < 153◦ with full azimuthal coverage, where θ is defined with respect to the pro-
ton beam direction (+z axis). The depth varies between 4.5 and 8 interaction lengths
for θ < 125◦. Test beam measurements of the LAr calorimeter modules show an energy
resolution of σE/E ≈ 0.50/
√
E [GeV]⊕ 0.02 for charged pions [27]. The absolute scale of
the hadronic energy measurement is presently known to 5%, as determined from studies
of the transverse momentum (pT ) balance in DIS events.
The BEMC [28] (with a depth of 22.5 radiation lengths and 1 interaction length)
covers the backward region, 151◦ < θ < 177◦. A major task of the BEMC is to trigger
and to measure precisely scattered positrons in DIS processes with Q2 values ranging
from 5 to 100 GeV2. The BEMC energy scale for electrons is known to an accuracy
of 1%. Its resolution is given by σE/E = 0.10/
√
E [GeV] ⊕ 0.42/E[GeV] ⊕ 0.03 [28]. A
backward proportional chamber (BPC), in front of the BEMC, with an angular acceptance
of 155.5◦ < θ < 174.5◦, serves to identify electrons and to measure precisely their direction.
Using information from the BPC, the BEMC and the reconstructed event vertex, the polar
angle of the scattered positron is known to a precision of 1 mrad.
The calorimeters are surrounded by a superconducting solenoid which provides a uni-
form magnetic field of 1.15 T parallel to the beam axis in the tracking region.
The tracking system consists of a central and a forward part. The central tracking
system is mounted concentrically around the beam line, covering polar angles of 20◦ < θ <
160◦. Charges and momenta of charged particles are measured by two coaxial cylindrical
drift chambers (central jet chamber, CJC), providing up to 56 space points in the radial
plane. Longitudinal coordinates are obtained via charge division from the CJC, and from
dedicated drift chambers which are interleaved with the CJC. For the CJC the resolutions
achieved are σpT /pT ≈ 0.009·pT [GeV]⊕0.015 and σθ = 20 mrad [25]. The central tracking
system is complemented by the forward tracker, which is built in three sections covering
a polar angle range of 7◦ < θ < 25◦. Each section is made up of a series of multiwire
proportional and drift chambers which are arranged to facilitate track reconstruction at
small angles to the proton beam. For tracks fitted to a vertex the resolution has been
1 However, in LEPTO (among other things) the new concept of soft colour interactions [12] had to
be introduced to reproduce the level of ET seen in the data [8, 22, 12]. Intriguingly, this mechanism also
produces rapidity gap events [23] at a rate of about 10%, comparable to observation [12]. Also the cluster
fragmentation scheme in HERWIG produces rapidity gap events. In this paper rapidity gap events are
excluded.
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shown to be σpT /pT ≈ 0.02 · pT [GeV]/ sin θ ⊕ 0.1 and the angular resolution, σθ, to be
better than 1 mrad [29].
Scintillation counters installed behind the BEMC are used to reject proton induced
background. Small angle electron/photon taggers are used for luminosity measurements
and for the study of photoproduction background.
3 Event and Track Selection
The data used in this analysis were collected in 1994, with positrons of energy Ee =
27.5 GeV colliding with protons of energy Ep = 820 GeV, resulting in a total centre
of mass energy of
√
s = 300 GeV . The data correspond to an integrated luminosity
of 1.3 pb−1. For this analysis DIS events with 5 < Q2 < 50 GeV2 are used, in which
the scattered positron is observed in the BEMC. The events are triggered by requiring a
cluster of more than 4 GeV in the BEMC. After reconstruction, DIS events are selected
in the following way:
• The scattered positron, defined as the most energetic BEMC cluster, must have an
energy E ′e larger than 12 GeV and a polar angle θe below 173
◦ in order to ensure
high trigger efficiency and a small photoproduction background [4].
• The lateral size of the positron cluster, calculated as the energy weighted radial
distance of the cells from the cluster centre, has to be smaller than 4 cm. The
cluster must be associated with a reconstructed BPC space point Further reduction
of photoproduction background and the removal of events in which an energetic
photon is radiated off the incoming positron is achieved by requiring
∑
j (Ej − pz,j) >
30 GeV [4], with the sum extending over all particles j (measured calorimetrically)
in the event.
• The radial coordinate of the BPC hit must be less than 60 cm, corresponding to a
positron angle above 157◦ with respect to the nominal interaction point, ensuring
full containment of the positron shower in the BEMC.
• The z position of the event vertex reconstructed from charged tracks has to be
within 30 cm of the average of all collision events.
• The energy in the forward region (4.4◦ < θ < 15◦) has to be larger than 0.5 GeV
in order to exclude diffractive events with large rapidity gaps in the forward region
[23, 8].
• Remaining background is rejected by requiring no veto from the time-of-flight coun-
ters.
The kinematic variables are determined using information from the scattered positron:
Q2 = 4EeE
′
e cos
2(θe/2) and y = 1 − (E ′e/Ee) · sin2(θe/2). The scaling variable x is then
derived via x = Q2/(ys), and the hadronic invariant mass squared is W 2 = sy −Q2.
8
Kin.bin x /10−3 Q2 / GeV2 〈x〉 /10−3 〈Q2〉/ GeV2 〈W 2〉/ GeV2 #events
0 0.1–10 5–50 1.14 18.3 24975 59463
1 0.1–0.2 5–10 0.16 7.0 45296 4853
2 0.2–0.5 6–10 0.29 8.8 31686 6294
3 0.2–0.5 10–20 0.37 13.1 36893 9564
4 0.5–0.8 10–20 0.64 14.0 22401 7129
5 0.8–1.5 10–20 1.1 14.3 13498 7964
6 1.5–4.0 10–20 2.1 15.3 7543 4720
7 0.5–1.4 20–50 0.93 28.6 32390 8349
8 1.4–3.0 20–50 2.1 31.6 16025 6752
9 3.0–10 20–50 4.4 34.7 8225 3838
Table 1: The kinematic intervals and the average x, Q2 and W 2 from the raw data. The numbers of
events surviving the selections are given.
• As the precision of the y measurement degrades with 1/y, a cut y > 0.05 is imposed.
Events in which the positron is poorly reconstructed, or in which an energetic photon
has been radiated from the incoming positron, are removed by demanding that the
value of y determined using the hadrons yh =
∑
(E − pz)/2Ee, where the sum runs
over all hadronic energy deposits, also be greater than 0.05.
Charged particle tracks are measured in the forward tracker and the CJC. They are
required to originate from the primary vertex and their polar angle must lie between 8◦
and 155◦. The upper limit ensures that the scattered positron does not enter the sample
of charged hadronic tracks. Central tracks are required to have a radial track length of at
least 10 cm to ensure good momentum resolution and a measured point in the inner CJC.
Forward tracks are required to be well reconstructed and to have an acceptable link χ2 in
the overlap region between the forward and central trackers. After having selected such
high quality tracks, the efficiency for finding a genuine primary track with plabT > 0.15
GeV is better than 93% for central tracks and 70% for forward tracks.
4 Results
The results are presented for the hadronic centre of mass system (CMS), i.e. the rest
system of the proton and the exchanged boson, where the direction of the exchanged
boson defines the positive z′ axis. The event sample is divided into 9 different kinematic
bins, resulting in three slices with almost constant Q2 and varying x (see Table 1). The
same binning is used for the measurement of transverse energy flows [10].
The data are corrected bin-by-bin for detector effects, including photon conversions,
secondary interactions, geometrical acceptance and for decay products of particles with a
lifetime greater than 8 ns (e.g. K0s → pi+pi− and Λ → ppi), as well as for QED radiative
9
effects. The corrections are determined using Monte Carlo generated events 2 with a full
simulation of the H1 detector response. The detector simulation has been checked by
comparing in great detail distributions of track quality properties to the data. A visual
scan of tracks in real and in simulated events leads to the conclusion that the tracker
efficiency is simulated to an accuracy of better than 2% for central tracks and 10% for
forward tracks. No spurious tracks due to noise hits have been found. No significant
difference was found between the pT spectra of positively and negatively charged tracks.
Transverse momentum spectra are measured with the central tracker for the pseudo-
rapidity interval 1.5 < η < 2.5, where η = − ln tan(θ∗/2), and θ∗ is the angle with respect
to the virtual photon direction. The lower η limit is determined by the requirement of
good acceptance in all 9 kinematic bins, and the upper limit restricts the measurement to
a region away from the current fragmentation region. That is where significant differences
between the different QCD evolution scenarios are expected.
The measured spectra, steeply falling with pT , are shown in Fig. 2 for the nine kine-
matic bins and for the combined event sample. All distributions shown in this paper are
normalized to the number of events N that enter the distribution. The inner error bar
represents the statistical error and the outer error bar the quadratic sum of statistical and
systematic errors (except for Fig. 3, where only the total error is shown). We first discuss
the systematic errors and then turn to a discussion of the results.
The correction factors applied to the original distributions are never larger than 2 or
smaller than 0.5 and in most cases they are between 0.9 and 1.1. The pT bins are much
larger than the experimental resolution and bin centre corrections are applied. The boost
to the CMS introduces a well understood change of the pT of the tracks of less than 10%
from the laboratory value. The largest corrections are those necessary to compensate
for event migration effects (contributing mainly at large pT ) and track selection cuts and
detector acceptance (contributing mainly at small pT ). The main sources of systematic
uncertainty are:
• The model dependence of the acceptance corrections (ARIADNE versus LEPTO).
These differ by as much as 20%, but in general agree to within 5%.
• The track selection cuts. Variation of these leads to a 10% systematic error for par-
ticles with pT < 0.5 GeV and for the kinematic bins at lowW, where measurements
are close to the limit of the detector acceptance.
• A contamination of up to 5% from photoproduction for the kinematic bins at largeW
[33]. In order to estimate the uncertainty due to this contamination, stricter electron
quality cuts have been applied at the cost of statistics, and events with signals in
the electron/photon taggers are rejected. Differences in the result obtained with
2 The event generator used is DJANGO [30] which simulates electroweak interactions using the
HERACLES [31] algorithm and QCD corrections using the ARIADNE [16] program. The detector
response is simulated using a program based on the GEANT [32] package. The Monte Carlo events are
reconstructed in the same manner as the e+p collision data. The simulated and reconstructed events
obtained using DJANGO describe the raw data spectra very well. Differences in the correction factors
obtained with the alternative model LEPTO, which describes the data less well, are reflected in the
systematic errors.
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respect to the standard selection are reflected in the systematic error and are up to
30% in kinematic bin 1, below 10% in bin 2 and below 5% in the other bins.
• The uncertainty of the BEMC energy scale. This affects the boost to the CMS.
However, the effect is negligible for all bins except for those at large x and Q2,
where it may give rise to an uncertainty up to 15%.
The pT spectra shown in Fig. 2 are compared to the models ARIADNE, LEPTO
and HERWIG, representing the suppressed (LEPTO, HERWIG) and unsuppressed (ARI-
ADNE) gluon radiation scenarios. At “large” x andQ2 (here “large” meansQ2 ≈ 35GeV2
and x ≈ 0.004) all models provide a good description of the data. At smaller x and Q2,
LEPTO and HERWIG fall significantly below the data for pT > 1GeV. ARIADNE gives a
good description of the data over the full kinematic range. As shown in [13], the hardness
of the pT spectrum can be related to the parton radiation. The shortfall of the models
with suppressed gluon radiation indicates that at small x there is more high kT parton
radiation present than is produced by the models based upon leading log DGLAP parton
showers. The data are well described by the ARIADNE model in which parton radiation
is more abundant.
In order to look for the predicted hardening of the pT spectrum with decreasing x due
to increasing gluonic activity, the pT spectra are compared in Fig. 3a for the highest and
lowest x bins (differing by a factor 6 in x) of the intermediate Q2 (≈ 14GeV2) slice.
There is a trend consistent with the prediction of the ARIADNE model, however not very
significant. Because W 2 ≈ Q2/x, this effect can also be understood as a W dependence.
From a comparison of bins 2 and 7 (Fig. 3b), where W 2 is fixed (≈ 32000GeV2) and
Q2 varies by a factor 3 (from 9 to 29 GeV2), it can be seen that the pT spectrum becomes
harder with increasing Q2. When x is fixed (x = 0.0021), and Q2 increased by a factor
2, the pT spectrum also becomes harder, see Fig. 3c. We have observed previously that
in the current fragmentation region the transverse energy, ET , increases with Q
2 for fixed
W [34] and that the Q2 dependence diminishes towards the proton remnant direction. The
ET measured in the interval 1.5 < η < 2.5 still increases slightly with Q
2. In the central
interval −0.5 < η < 0.5 no Q2 dependence of ET is seen for Q2 < 50GeV2. To summarize,
at fixed Q2 there appears to be a hardening of the pT spectrum with decreasing x and
correspondingly increasing W , while at fixed W there is a hardening for increasing Q2.
Both the forward tracker and the CJC are used to measure the pT spectrum in the
more central region 0.5 < η < 1.5 (see Fig. 4), where the difference between the two types
of models becomes stronger. Bins 6 and 9 contain roughly equal numbers of forward and
central tracks whereas the remaining bins are based on central tracks alone since they
contain few forward tracks. In addition to the sytematic errors described above, the
data in bins 6 and 9 have a contribution from a 10% uncertainty in the forward tracker
reconstruction efficiency. The failure of the event generators which are based on leading
log DGLAP parton showers to describe the hard component present in the data now
becomes more apparent. ARIADNE describes the data well. Comparing the pT spectra
for the two pseudorapidity intervals in the same kinematic bin (bin 3, low x), it is found
that the spectrum becomes harder when one moves towards the current direction, see
Fig. 3d. This is not surprising, as the average kT of the gluons emitted in both scenarios,
DGLAP and BFKL, increases along the ladder towards the photon vertex [3]. Also,
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radiation associated with the current system, for which the relevant scale is the virtuality
of the photon (Q2), is expected to contribute more in that direction.
For the LEPTO predictions in this paper we modified some LEPTO parameters to
improve somewhat the description of the data over the standard setting. The divergency
cut-off parameters for the matrix element were changed 3, and a fragmentation parameter
set tuned to the LEP data [36] was used. The most sensitive parameter, however, is
the virtuality cut-off below which final state radiation is not allowed, and fragmentation
takes over. If this parameter would be changed from its default value of 1 GeV2 to 3
GeV2, a much better description of the pT spectra for 1.5 < η < 2.5 could be achieved.
However, this setting would result in a poor description of the observed scaling violations
in the Feynman-x spectra [8, 37]. In addition, the pT spectra measured more centrally at
0.5 < η < 1.5 are still much harder than in the modified model.
In order to obtain a measure for the hardness of the pT spectrum over the entire range
of pseudorapidity accessible to this analysis, the average multiplicity of charged particles
with pT > 1 GeV is measured (see Fig. 5) as a function of pseudorapidity. The surplus
of hard particles in the data over the DGLAP-like models at small x and away from the
current region is obvious. The best description of the data is achieved by ARIADNE. In
contrast to the multiplicity of hard particles, the overall multiplicity, which is dominated
by soft particles, is much better (although not perfectly) described by all models, see
Fig. 6. Only the HERWIG model overshoots the data considerably at small x and towards
the central region.
The discrimination between the different scenarios can be enhanced by selecting events
with substantial hadronic activity because, in such events, there is also substantial par-
tonic activity for the model with unsuppressed radiation, as opposed to the other models.
Here the transverse energy measured with the calorimeter in the η range from 0.0 to 2.0
is required to be larger than 6 GeV. The pT distribution of the track with the largest
transverse momentum in the range 0.5 < η < 1.5, pmaxT , in each event is then determined,
see Fig. 7. In this way one can reveal the correlation between large ET production, which
could be produced by many soft particles in the hadronization, and high pT particles,
which indicate hard parton radiation. The events contain much harder particles than are
produced in the models MEPS and HERWIG. Again, ARIADNE with enhanced parton
radiation describes the data very well. The discrepancy between the data and ARIADNE
on the one hand, and LEPTO and HERWIG on the other, becomes larger for smaller
x and Q2 . It is noteworthy that the colour dipole model (ARIADNE) is able to describe
kinematic regions at both large and small x simultaneously.
5 Conclusions
Transverse momentum spectra of charged particles in deep inelastic scattering are mea-
sured as a function of x and Q2 in the current and the central fragmentation regions. The
average charged particle multiplicity is also measured as a function of pseudorapidity. The
data are compared to QCD models incorporating different schemes for parton evolution in
the proton, namely both with and without transverse momentum ordering of the parton
3 parl(8) changed from 0.01 to 0.04 and parl(9) from 1 to 4 [35].
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emissions. The latter yields a larger amount of high kT parton radiation between the
current and remnant systems. In this respect the results obtained using the models stud-
ied can be considered as representative of the expectations for the hadronic final state
of the DGLAP and BFKL evolution schemes, respectively. At large x, x > 0.001, all
models provide an overall satisfactory description of the measured pT spectra. At small
x however and at central rapidity the pT distributions are significantly harder than ex-
pected from the models with suppressed radiation. The unsuppressed scenario, as realized
in a colour dipole radiation model, is able to describe the data. The available models for
the description of the hadronic final state in deep inelastic scattering based on the con-
ventional leading log DGLAP equations are not able to describe the data. The observed
hard pT spectra indicate hard parton radiation, which could be provided by BFKL-type
contributions. Further interpretation of the data has to await firm QCD calculations and
a Monte Carlo model which explicitly includes the BFKL terms.
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Figure 2: The transverse momentum spectra of charged particles, measured in the CMS in the
pseudorapidity interval 1.5 < η < 2.5. Data are shown for nine different kinematic bins (see Table 1)
and the combined sample (bin 0). For comparison, the models ARIADNE (full line), LEPTO (dashed)
and HERWIG (dotted) are overlayed. The mean values of x and Q2 are indicated. The inner error bars
represent the statistical errors, the outer error bars the quadratic sum of statistical and systematic errors.
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Figure 3: a) Comparison of the pT spectra at high x (bin 6) and at low x (bin 3) for fixed (interme-
diate) Q2 . b) Comparison of the pT spectra at two different Q
2 values (bins 2 and 7) for fixed (large)
W . c) Comparison of the pT spectra at two different Q
2 values (bins 6 and 8) for fixed (large) x. d)
Comparison of the pT spectra in two different η intervals in the kinematic bin 3 (low x, intermediate Q
2).
The mean values of x and Q2 are indicated in the figures. The error bars represent the quadratic sum of
the statistical and systematic errors.
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Figure 4: The transverse momentum spectra of charged particles, measured in the CMS in the
pseudorapidity interval 0.5 < η < 1.5. Data are shown for seven different kinematic bins (see Table 1)
plus the combined sample (bin 0). For comparison, the models ARIADNE (full line), LEPTO (dashed)
and HERWIG (dotted) are overlayed. The mean values of x and Q2 are indicated. The inner error bars
represent the statistical errors, the outer error bars the quadratic sum of statistical and systematic errors.
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